Introduction
We have recently become interested in the application of Self-Organizing Maps (SOM) during a computational study on phenyl cations. As data accumulated, we realized that the analysis and interpretation of results, particularly when many variables were involved, could lead to a cognitive overload. In fact, it is for this reason that SOM found applications in chemistry in several problems, where the classification of large databases was not immediate, or the identification of the most characterizing properties of each class not obvious, since the a priori subdivision of the observed (complex) behaviour in more simple properties was not possible, as it is often the case. The applications of SOM in chemistry are at present limited in number, but sufficient for indicating the potential of the method. The most important application is probably in the Quantitative Structure Activity Relationship (QSAR). The QSAR is a statistical method used in drug discovery where a correlation between biological activity (including desirable therapeutic effects and undesirable side effects) of chemicals (drugs/toxicants/environmental pollutants) with descriptors representative of molecular structure and/or properties is searched. Drug design has often the need to process enormous amounts of data, in which complex relationships have to be studied and modelled and is thus advantageously confronted by using SOM (Bienfait, 1994; Gramatica, 2007) . However, applications are really varied, including for example the analysis of complex mixtures such as raw oil spills (Fernàndez-Varela et al., 2010) , the interpretation of spectra (Dow et al., 2004; Villman et al., 2008) , studies of molecular conformation (Hyvönen et al., 2001) , as well as the stucture of polymers (Llyod et al., 2008) or crystals (Willighagen et al., 2008) , proteonomics (Herrero & Dopazo, 2002 ) and many others. Closer to the topic of the present study, the SOM methods has been applied for recognizing the chemical properties of molecules, e.g. for assigning a degree of aromaticity (Alonso & Herradin, 2008) , or more generally for predicting the chemical reactivity and its selectivity (Chen & Gasteiger, 1997; Noeske et al., 2006) . As a matter of fact, phenyl cations had been all by unknown to chemists up to a decade ago, when it was discovered that electron-donating substituted phenyl halides, sulfonates and phosphates smoothly undergo heterolytic cleavage forming such intermediates in the triplet state, and that in this multiplicity these react efficiently with π , not with n, nucleophiles (Fagnoni & Albini, 2005) . The synthetic potential of such intermediates seemed valuable, but the scope of both generation and www.intechopen.com Self Organizing Maps -Applications and Novel Algorithm Design 388 reaction required extensive work. Thus it was of interest to carry out computational studies and to apply the SOM method to the data case in order to recognize and predict the structural and chemical properties. We used self-organizing maps, as developed by Kohonen (Kohonen, 2001; Wehrens et al., 2007) . This is an unsupervised neural network that preserves on a two dimensional plane topological relations. We introduced as many as possible optimized geometric parameters and searched for structure similarities. Indeed a visually effective result was obtained through a Sammon map, which clearly separated triplet and singlet cations and helped to rationalize the different substituent effect on the two species. In the following, the approach used will be illustrated and new examples will be discussed.
Description of the problem
Density Functional Theory (DFT) is a computational approach that has shown to be able to determine accurately energy differences, geometries and spectroscopic data of chemical compounds. The method is particularly useful if applied to transient species, such as excited states or reaction intermediates, for which a direct observation could be difficult. During the last years, in our laboratories a reaction of photoarylation was studied (see Scheme 1). This process is particularly interesting since such arylations can otherwise be obtained only under catalysis by transition metals, a highly versatile method that suffers however of some limitations, in particular related to the catalysts themselves, often delicate, expensive and polluting. Substituting light for heavy metal catalysis makes the reaction more compatible with the principles of green chemistry, i.e. a photoinduced reaction is more ecosustainable (Fagnoni & Albini, 2005) . We have demonstrated that the active chemical intermediate is the aryl cation, and more particularly the triplet spin state. Such an intermediate is highly reactive (it is a carbocation), but is nevertheless characterized by a high selectivity towards suitable traps. The other spin state, the singlet, is on the contrary completely unselective and reacts at diffusion controlled rate practically with everything. As a result, when generated in solution it typically reacts with the solvent. The computational approach via DFT has been used often for cations and in the present case a first gratifying result was that the computed UV spectrum of the triplet cation was in accordance with the experimentally determined spectrum of the intermediate, as obtained by flash photolysis (Manet et al., 2008) . From preliminary studies, it is known that the geometry of singlet and triplet phenyl cations differs significantly. In fact, the triplet phenyl cations have a more regular hexagonal geometry with respect to the singlet phenyl cation.
triplet singlet
Parent phenyl cation
The introduction of substituents in such high-energy intermediates may induce important effects on structure and chemistry with respect to the parent cation. However, it is not obvious how this effect will operate. Singlet phenyl cations have a 60 n π structure, that is the positive charge is localized at the divalent carbon and lies in the plane of the molecule. Therefore, mesomeric effects should not operate. On the other hand, triplets have a 51 n π , that is a diradicalic character, one radical site at the divalent carbon, one delocalized over the aromatic ring, which has thus a radical cation character. In this case, mesomeric effects may be significant. For simplicity, we considered monosubstituted derivatives, with the group in the three positions, ortho, meta and para, as indicated in the formulae below, where Y stands for an atom or a group of atoms. 
Data analysis through SOM
The target of the investigation was determining which effect had substituents (and their position) on structure and energy of phenyl cations and how these difference were reflected in the chemical reactivity. Perhaps unexpectedly, in view of the considerations above, the singlet cations had a geometry heavily deformated, with strong dependence on the substituent, despite the fact that these species conserved the intact aromatic sextet. On the contrary triplets, which had lost the sextet, maintained quite closely the planar hexagonal geometry. The rationalization was not obvious. In order to have a significant results, a sufficiently differentiated choice of substituents had to be considered, avoiding on the other hand to overcome a manageable number. We thus decided to consider eight substituents Y (in the three positions), chosen among those expected to induce large changes due to the electron-donating or -abstracting effect, and to compare their properties with those of the parent cation (Lazzaroni et al, 2008 (Lazzaroni et al, , 2010 . The groups, ordered from electron-donating to electron-withrawing were: NH 2 , SCH 3 , OCH 3 , CH 3 , Si(CH 3 ) 3 , H, CN and NO 2 . Even in this oversimplified space, these corresponded to a total of 8 (substituents) x 3 (positions) x 2 (spin states) = 48 + 1 structures that were calculated. It was immediately apparent that the comparison by hand of 49 structures in a 3D space was scarcely promising due to the large number of data available. On the other hand, limiting the choice to a few key geometrical parameters was no appealing alternative, due to the lack of objectivity in the choice of such parameters. This thus appeared as a suitable case for making recourse to unsupervised learning, which can help to find correlations and similarities among large series of data, if a correct input is given.
In the data set, we avoided the use of parameters directly related to the substituent Y, because a trivial categorization factor would be otherwise inserted. Thus, the length of the C-Y bond was not included because it depended on the substituent's nature). For this reason, only parameters related to the carbon skeleton of the aryl cation ring were introduced. In order to describe exhaustively the structure of the six carbon atoms in the space, bond lengths, bond angles and dihedral angles of the phenyl ring were introduced. Furthermore, as the divalent carbon (C 1 ) underwent the most extensive geometrical modifications, all parameters were inserted starting from that carbon, and the shortest path to reach the substituent was adopted. A graphical representation of the choice of parameters and the numbering is given in Figure 1 . This choice is essential for the correct application of the SOM. The complete training set used is given in Table 1 . Complete training set used. The first group of six columns are bond lengths (units are Ångstrom), the second group are angles (degrees) and the third dihedral angles (degrees). The last column is the coded name of the phenyl cation (see text for a description) For the SOM optimization, we started with 1000 cycles and with an initial learning rate parameter (alpha) of 0.05. The map was then refined with 10000 cycles starting with alpha = 0.02. A bubble neighbouring was used and the radius was 10 for the first step and 3 for the last step. The software package utilized for the calculations of SOMs was SOMPAK (Kohonen, 1997) , a program developed by the Helsinki University of Technology.
A first trial with a rectangular 2x2 grid was carried out in order to verify the correctness of the input data; indeed, the database was correctly divided into two classes, the first one containing only singlets and the second one only triplets. A more advanced level of information could be obtained by increasing the size of the map. The program used allowed the creation of two different lattice arrangements of neurons: rectangular and hexagonal. After some experimenting, we found convenient to adopt the rectangular lattice. The calculated rectangular 5x5 map containing all the phenyl cation intermediates is reported below ( Table 2 ). The numbering in the table is referred to the substituent position, as indicated in Figure 2 , while the spin state is specified by the capital letter superscripts S for singlets and T for triplets. The formula of the substituent Y is placed after the number and H is used for the unsubstituted (parent) phenyl cation. Table 2 The differences in geometry of singlet and triplet phenyl cations is well apparent, with the two classes lying in different positions in the table.
In this 5x5 map, 17 cathegories were represented, each one of them corresponding to an active neuron. By analyzing the position of the entries in the table, some generalizations could be made; for example, when considering the singlets, substituents such as CN, NO 2 , Si(CH 3 ) 3 and CH 3 were all grouped in the bottom left corner, close to the parent cation. A chemical meaning can be immediately associated with this result. Thus, all of the substituents above are known to be electron-withdrawing or almost electron-neutral groups. The presence of an empty sp 2 orbital at C 1 in the place of a σ bond makes little difference for the intact 6 π system with which the substituents mainly interact, resulting in a moderate effect on the geometry of the phenyl cation. On the other hand, cations bearing electron-donating substituents are found in the left part of the table, but their distribution is more spread across the table, with an effect that varies with the position in a different way for each substituent. The substituents with a strong mesomeric effect, such as amino, methoxy and thiomethoxy group cluster at the upper left corner. Clearly, the electron-rich π system does interact with the empty σ orbital, and both the nature and the position of ring substituents are important in determining the final geometric parameters.
As for the triplets, these are grouped in three big classes in the rightmost column. Each of them containing (mainly) cations bearing the substituent in the same position, regardless of theirdonating or -withdrawing character. Apparently, with triplets the effect of the position of the substituent overcame the electronic effect in causing a deformation of the phenyl cation. Table 2 . 5x5 SOM map obtained for the complete set of calculated phenyl cations Another useful information is given by the quantization of the error regarding each of the entries of the map. The quantization error is inversely proportional to the matching of each entry line (in our case each phenyl cation) within the assigned class. Figure 3 shows the pictorial representation of the quantization errors for the 5x5 calculated map; each one of the grid intercepts has a corresponding element in Table 2 . Circles with small areas are related to small quantization errors. As can be seen in the figure, a small number of neurons corresponds to classes having most of the best-matching entries. These neurons define a sharp-defined class, i.e. the entries located by this neuron are most similar among them. Considering those of the 'sharp' classes that contain more than one entry, it is found that these corresponds to the four classes evidenced in Table 2 , one for the singlets with bearing no electron-donating substituent, three for the triplets with the substituent in each of the three position (that is the classes at positions 1;5, 4;4, 5;3 and 5;5). Although the distribution in a table does give useful information about any alikeness, a more quantitative representation of class similarities in a calculated map is the projection of neurons through the Sammon's map (see Figure 4) . The label assigned to each point is that of the first entry in the class identified with that neuron. A look at Figure 4 makes it apparent that all of the triplets (squares) lie within a much smaller area with respect to that occupied by singlets (circles). Thus, even if the number of classes belonging to triplets is similar to that of singlets, the former ones are subject to a smaller geometric variation.
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Concerning singlets, the map shows how they are rather scattered on the Sammon's projection. The parent phenyl cation is located at coordinates -18, -10. Electron-donating substituents appear to cause a deformation that increases when passing from substituents in position 2 to the same in position 4. The above observation affords indications for assessing the effect of substituents on the geometry of phenyl cations. However, arriving at recognizing the key geometrical parameters for each class requires a different approach. This is possible by having recourse to the analysis of 'activation planes'. During the SOM optimization a plane of activation is created for each input variable. In our case we have three groups of six variables each, viz. bond lengths, bond angles and dihedral angles. Table 2 three lines (bond length, angle, dihedral angle) containing six circles each are a representation of the importance of the input data. As it can be seen in the figure, even table elements (and thus neurons) having no class members have nonzero values. In this picture, is also apparent the meaning of the word neighbourhood in this context (and thus the importance of rectangular or hexagonal grid): neurons in close contact have similar activation weights. Let us consider the leftmost column of grid shown in Figure 5 . It is apparent that when proceeding from the top to the bottom of the figure, the classification algorithm changes from one characterized by a high weight of the dihedral angles to one characterized by a high weight for specific bond lengths (second and fifth bond) and bond angles (1, 2, 4, 5) . Notice that only few of these characteristics are visible by observing the actual geometries (see Figure 6 ). In fact, only the dihedral angle differences are immediately appreciated in the side view, while the variation of bond lengths are better visible by looking at the corresponding rows in Table 2 . The largest effect among the out-of-plane variations is the lengthening of bonds 2 and 5 for the CN-substituted derivative. This effect could be reasonably assigned to the stabilization ot the radical site by the CN substituent. Correspondingly, the methoxy group stabilizes the charge by the resonance electron donation (see the formulae in Figure 7 ). Fig. 7 . Contribution of the electronic effect to the stabilization of singlet phenyl cations
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In the same line, it may be asked which are the geometrical key parameter for the three distinct classes of triplets located at 4;4, 5;3 and 5;5. Figure 5 tell us that the dihedral angles do not contribute significantly (third row of six circles). In fact, all of these structures lie almost perfectly in a plane. For these phenyl cations, the structures can be roughly represented as indicated in Figure 8 , where the dashed double bond is slightly shorter with respect to other bonds. Since this effect, which is due to the electronic stabilization by the substituent, is quite small, almost no effect is visible observing the 3D structures (also in this case, a close scrutiny of the data in Table 2 reveals the effect, however). Summing up, the various analyses carried out in this work allow a better understanding of the structure of phenyl cations and the effect of substituents on it. This is much more complex than that obtained by one-or two-parameters linear relationships (Lazzaroni et al., 2008 (Lazzaroni et al., , 2010 and not easily framed in the usual mesomeric/inductive effects. On the other hand, patterns are recognized and may have some predictive effect for further substituents or for suggesting new chemistry (notice, as an example, the diradicalic nature of triplets, depending only from the position of the substituent, for which is not known at the moment any corresponding reaction. If there is a relationship between the geometric classification and the stabilization of the phenyl cation, a pattern should appear by placing in the SOM table the calculated values of free energies. The result is shown in Figure 10 , where, for each element of the table, a sphere was drawn having a radius directly proportional to the absolute value of the free energy.
The colour of the sphere indicate the sign of the free energy, blue and red for negative and positive values, respectively. When multiple data are located in the same cell, the sphere is shifted on the right. As one can see, only a loose correlation between stabilization energy and geometric parameters can be perceived.
Conclusion
The geometry and the energy of the singlet and triplet state of a series of substituted phenyl cations have been investigated by DFT methods. The pattern of the effects with reference to the nature of the substituent and to its position has been recognized through the SOM method. The regular hexagon geometry of ring carbons in the triplet state is minimally affected by substituents. The singlet cation is more heavily deformed (cumulene character at the C2-C1-C6 moiety) and is affected to a large extent both by the position and by the nature of the substituent in particular with electron-donating substituents that cause a ring carbon to shift out of plane. Table 2 (See text)
It was attempted to find a correlation between geometric structure and stabilization energy by the use of this procedure, but this turned out to be weak. We plan to take further advantage of the SOM method for the analysis of the structure and chemical properties of these novel intermediates, phenyl cations. More generally, we feel that the SOM method should be more largely used for predicting chemical reactivity, both for novel intermediates, as is the case here, and for old ones, where
